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We used peroxlsomal alcohol oxtdase (AO) for the affimty purtfication of molecular chaperones from yeasts. Methodical studies showed that up 
to 0.8 mg of purified bacterial GroEL was able to bmd per ml of tmmobtlized denatured A0 column material. Using crude extracts of Hurrsrnulu 
polymorphu or Succhuronl~crs cererr.~lur, several proteins were specifically eluted wtth Mg-ATP ahtch were recognized by antibodies against hsp60 
or hsp70 One H polymorphu 70 kDa protein was strongly induced durmg growth at elevated temperatures. whereas a second 70 kDa protem as 
well as a 60 kDa protein showed strong protein sequence homology to mitochondrtal SSCI and hsp60. respectively. from S crrerr~rue 
Alcohol oxidase; Chaperone; HSP; Peroxtsome; Succhu~nt~~crs cere~.~~uc. Hur~.cemdu po!,‘morphu; Complex formation 
1. INTRODUCTION 
Molecular chaperones play an important role in pro- 
tein translocation and modulation of folding and oli- 
gomerization of newly synthesized proteins [l]. Com- 
mon feature of these proteins is their ability to interact 
with other proteins which assume a more or less un- 
folded structure [2,3]. The components of the ‘chaper- 
one system’ generally do not act independently in guid- 
ing the folding proteins to their final conformation, but 
at some stages cooperate in a sequential reaction [4]. 
In the course of our studies on the biogenesis of yeast 
peroxisomes we are now investigating the possible role 
of molecular chaperones in peroxisomal protein 
translocation or assembly. In an initial series of experi- 
ments we studied the use of denatured peroxisomal al- 
cohol oxidase (AO) from Hansenda poljworpha for the 
binding of a purified chaperone; we showed that bacte- 
rial GroEL can form complexes with denatured A0 in 
vitro. Complex formation occurred in the absence of 
ATP; once-formed complexes were stable at low tem- 
perature even in the presence of Mg-ATP, whereas dis- 
sociation of the complex was dependent on ATP-hy- 
drolysis at room temperature [5]. 
Based on these findings we explored the use of immo- 
bilized denatured A0 for the affinity purification of 
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chaperones of the yeast H. po[vnzorpha. The results of 
this study are presented in this paper. 
2. MATERIALS AND METHODS 
2. I Orgurusnls (I& grou,th condittons 
Hunvrmrlu pot~morphu de Morals et Maya CBS 4732 was grown m 
continuous culture at 37°C on mineral medium [6] supplemented with 
1% (w/v) methanol. In addttton the organism was grown in batch 
culture in mmeral medtum using 0.5% (v/v) methanol as sole carbon 
source at 25°C or 43°C. For heat shock experiments, cells grown at 
25°C were exposed to 43°C for 30 mm. .Succ/ruronl~~ccs rrevtstue 
273-IOB was grown on 0.1% (v/v) oletc acid at 30°C [7]. 
2 2. Preparutton of crude cetl ertructs ~2nd or~unellur pellets 
Crude extracts of cells were prepared as described prevtously [8]: 
organellar pellets from chemostat-grown H polymorphu were ob- 
tamed after dtfferenttal centrtfugatton of homogenized protoplasts [9] 
obtained by Zymolyase treatment of Intact cells. The 30.000 x g pellets 
were solubilized m buffer A, containing 25 mM Trrs-HCI (pH 7.0). 50 
mM KC1 and 1 mM dtthiothrettol (DTT) and used for further analy- 
sis 
2 3. Prepurutwn of umnobtlr;rd tienutured ulcohol oztdusr 
Purified peroxisomal alcohol oxtdase (AO) of H polymorphu was 
a gift from Umlever Research Laboratories Native A0 ( IO mg/ml bed 
volume) was tmmobthzed on CNBr-activated Sepharose 4B according 
to instructions of the manufacturer (Pharmacta. Sweden) and subse- 
quently denatured with 8 M urea m 25 mM Tris-HCI, pH 7.0 for 24 
h at 4°C. The column maternal was then extenstvely washed wtth 
buffer A. 
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Incubated for 15 min with rmmobihzed denatured A0 m the presence 
of 1 mM Mg-ATP m buffer A at room temperature to dissociate 
possible existing complexes between chaperones and natural target 
proteins. After incubation, EDTA (pH 7.0; 50 mM final concentra- 
tton) was added and the mixture was cooled on ice. 
2.5. Conditrons of elutron 
After binding of proteins to the column material, columns were 
poured and extensively washed in three subsequent steps, mcludmg 15 
column volumes of (1) buffer A. (2) 0.2 M KC1 in buffer A and (3) 
again buffer A. For methodical studies with GroEL and with chaper- 
ones present in crude extracts of yeasts the column was then eluted 
with 5 column volumes of 10 mM Mg-ATP in buffer A at room 
temperature and subsequently with 8 M urea. 
For some studies an additronal elution with 0.1 M acetrc acid [lo] 
was performed between the Mg-ATP and 8 M urea elution steps. 
2.6. Analvtical procedures 
SDS-PAGE [ll]. protein sequencing 1121 and Western blotting [13] 
was carried out according to published methods 
3. RESULTS 
Methodical studies, using purified bacterial GroEL 
as a model protein, were carried out to determine the 
capacity of the alcohol oxidase (AO) column for bind- 
ing of molecular chaperones. These studies revealed 
that significant amounts of this purified bacterial pro- 
tein were capable to bind to immobilized denatured AO, 
which could be quantitatively eluted by 8 M urea (Fig. 
1). Elution did not occur by either KC1 or Mg-ATP. The 
amount of bound GroEL increased with the amount of 
added protein until a plateau was reached at approxi- 
mately 0.8 mg of protein/ml column material. A minor 
amount of the protein was detected in the flow through 
fraction prior to saturation of the column. This fraction 
most probably contains GroEL protein which has lost 
the ability to bind unfolded proteins. 
Identical studies, performed on crude extracts of H. 
polymorpha, harvested from the mid-exponential 
growth phase on methanol, revealed that increasing 
amounts of proteins could be eluted with Mg-ATP 
50 100 
,ug protein loaded 
Fig. 1. Determination of the capacity of immobtlized denatured A0 
column-material for purified bacterial GroEL. Bmdmg was performed 
with 100 ,~l column material. Protein was only detected in the flow- 
through (A-A) and urea (u) elution. The sum of both elutions IS 
indrcated by (+-+) and equals the amount of protem loaded. 
0 5 IO 15 20 
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Fig. 2. Determmatron of amount of protein m Mg-ATP and urea 
elutions when Increasing amounts of crude extracts of H. polxrttorpha 
are loaded on 100 ,uI columns. The amount of protein m the Mg-ATP 
elutron (A -A) increases throughout the range tested whereas the urea 
elutron (o-o) reaches a maxrmum of 120 pg when 4 mg of protein 
is loaded on the column. 
throughout the range studied (up to 20 mg protein/100 
~1 column material: Fig. 2). In the urea elution, how- 
ever, a maximum was observed when 4 mg of protein 
was loaded on the 100 ~1 column (Fig. 2). SDS-PAGE 
indicated that in Mg-ATP-elutes using crude extracts 
(Fig. 3, lane 2) of H. polymorpha grown in a methanol- 
limited chemostat at 37°C three prominent protein 
bands of approximately 70 kDa were present together 
with one of 40 kDa and a minor protein band of ap- 
proximately 60 kDa (Fig. 3. lane 3). All three 70 kDa 
protein bands were recognized by specific polyclonal 
antibodies raised against the conserved amino (N) ter- 
minal part of hsp70 of Saccharomyces cerevisiae (Fig. 
3, lane 4). Data obtained from protein sequencing indi- 
cated that the upper 70 kDa protein was N-terminal 
blocked, the middle band appeared to consist of three 
yet unidentified proteins, whereas the sequence of the 
lower 70 kDa protein showed a 85% sequence identity 
in a 20 amino acids overlap to the N-terminus of the 
mitochondrial SSCl protein of S. cererisiae (Table I). 
The N-terminus of the 40 kDa protein showed 78% 
sequence identity to mitochondrial malate dehydroge- 
nase of S. cerevisiae in a 23 amino acid overlap (Table 
I). Using extracts of heat shocked methanol-grown cells 
of H. pol?nzorpha, an identical pattern of 60 and 70 kDa 
proteins could be detected in the Mg-ATP elution after 
Coomassie staining of SDS-PAA gels (Fig. 3, lane 5). 
However, specifically the 60 kDa protein appeared to 
be induced compared to untreated cells (Fig. 3, compare 
lanes 3 and 5). Several proteins present in this elution, 
including the above 60 kDa protein are stained more 
intensely by silver (Fig. 3, compare lanes 5 and 6). This 
60 kDa protein, together with two additional proteins 
of approximately 60 kDa, but with a slightly higher 
electrophoretic mobility cross-reacted with antibodies 
against bacterial GroEL (Fig. 3, lane 7). The protein 
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Fig. 3 7.5% SDS-PAA gels of elutions from immobilized denatured 
A0 and Western blots of correspondmg fracttons after binding of 
proteins of crude extracts and isolated (30,000 x g) organellar pellets 
of methanol-grown H poiytnorpha. Lane 1 and 10, markers (46, 50, 
58, 68. 80 and 94 kDa) Crude extracts (lane 7, Coomassie) of metha- 
nol-grown H polytnorphu were incubated wtth denatured rmmobihzed 
A0 and eluted wrth Mg-ATP (lane 3. Coomasste). Western blottmg 
of the same fractton as shown in lane 3. decorated wtth anttbodies 
against the N-termmal conserved part of hsp70 of S ccrevis~ re- 
vealed the presence of three 70 kDa bands cross-reacttng with these 
antibodies (lane 4). Crude extracts of heat shocked methanol-grown 
H polytnorphrr were used to study heat shock mductron. Mg-ATP 
elutions were stained wtth Coomassie (lane 5). silver (lane 6) or after 
Western blotting decorated wtth antibodtes agamst GroEL (lane 7). 
Proteins present m a 30.000 x g organellar pellet (lane 9, Coomassre) 
were after binding eluted wrth 0 1 M acetic acid (lane 8. Coomasste) 
with the highest apparent molecular weight, specifically 
enhanced after silver staining of the gel (Fig. 3, lane 6) 
was excised for N-terminal protein sequencing. The N- 
terminus of this protein showed 100% identity to mito- 
chondrial hsp60 of S. cererisiar in a 11 amino acid 
overlap (Table I) and most probably represents the H. 
pol~wzorpha counterpart of mitochondrial hsp60, since 
it was also present in the 30,000 x g organellar pellet 
(Fig. 3. lanes 8 and 9) obtained from methanol grown 
H. pol~worpha. Subsequent studies on crude extracts of 
cells grown on methanol at 43°C showed that under 
these conditions specifically one of the 70 kDa protein 
bands was strongly enhanced (Fig. 4). 
In an attempt to further exploit the potential of the 
method, control experiments were performed on crude 
extracts, prepared from oleate-grown S. cerevisiae (Fig. 
5, lane 1). The Mg-ATP elution of such crude extracts, 
contained different prominent protein bands of approx- 
imately 60 and 70 kDa (Fig. 5, lane 2). Antibodies 
against the N-terminal conserved part of hsp70 of S. 
cerevisiue and mitochondrial hsp60 of Neurosporcr 
cram showed cross-reactivity with bands of the corre- 
sponding molecular mass. The 70 kDa band appeared 
to consist of several proteins which were stained with 
different intensities, indicating differences in recogni- 
tion by these antibodies of the individual proteins (Fig. 
5, lanes 3 and 4). Following Mg-ATP elution, the col- 
umn was subsequently eluted with 0.1 M acetic acid, 
resulting in elution of additional amounts of the 60 and 
70 kDa proteins (Fig. 5, lanes 5-7) together with a range 
of proteins of lower molecular weight. This result sug- 
gests that not all of the 60 and 70 kDa proteins were 
functionally eluted and furthermore, that other not yet 
identified proteins were able to bind to immobilized 
denatured AO. An example of this phenomenon is pre- 
sented in Fig. 5, lane 5, showing the proteins present in 
the acetic acid elution. 
4. DISCUSSION 
In this paper a single-step affinity purification proce- 
dure for several molecular chaperones is presented. This 
method is based upon the biological activity of these 
proteins to bind to non-native protein, using denatured 
peroxisomal alcohol oxidase (AO) as a target protein 
and allows the analysis of chaperones present in crude 
protein extracts of vegetative yeast cells. Methodical 
studies, designed to determine the capacity of the A0 
column, using purified bacterial GroEL. showed that 
approximately 75% of the purified protein bound to 
immobilized denatured AO; this value is in agreement 
with earlier data obtained for free denatured A0 [5], but 
strongly enhanced compared to binding studies based 
on the use of an immobilized abnormal fusion protein, 
in which 3-10% ofmolecular chaperone was bound [lo]. 
By this method we have identified putative chaperones 
of approximately 60 and 70 kDa of the yeast Hmsenulu 
po~~worpha together with a temperature-inducible 70 
kDa protein. Protein sequence data of the N-termini of 
both a 60 and 70 kDa protein suggest that these repre- 
sent homologues of the mitochondrial hsp60 and hsp70 
of Succharonl~~ces cererisiar. respectively. Additional 
evidence for the organellar location of the above 60 kDa 
protein was obtained from the fact that a 60 kDa pro- 
tein with the same relative mobility was present in an 
Table I 
Ammo (N) termmal protein sequence compartson of protems whtch 
bound to denatured tmmobtlized A0 and could be spectfically eluted 
with Mg-ATP 
Hp70 : STKT,'TGSTIII;IDLGTT~I~ 
:::: ::::::::::::.: 
SSCI : STr:V~GS~~II;IDiGTTNSA 
Hp60 : SHKELKFGVEG 
::::::::::: 
hsp60 
Hp40 
: SHKELKFGVEG 
: \'E::'TVXGAAGGIGQPLSLMLKMN 
:::: ::.:::::::::.::.: 
MMDH YKVTVLGAGGGIGQPLSLLLKLN 
Identical amino actds are indicated by :, homologous ammo actds are 
Indicated by ., X Indicates an unidentrfied amino acid. Ahgnment of 
the N-termini of the H po/ymorpha 70 kDa protem (Hp70) and the 
S. cerevwae SSCl protein (SSCI) showing 85% Identity. the H po!v- 
morplra 60 kDa protein (Hp60) and the S cetwrsiue mttochondrial 
hsp60 (Mhsp60) showing 100% identity and the H. polymorpha 40 kDa 
protem (Hp40) and S cerevuiue mitochondrial malate dehydrogenase 
(MMDH) showmg 78% Identity. 
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30,000 x g organellar pellet, prepared from methanol- 
grown H. polymorpha. Neither purified GroEL nor pu- 
tative chaperones present in crude extracts of H. poly- 
morpha were quantitatively eluted with Mg-ATP. This 
effect was more strongly observed for hsp60 compared 
to hsp70 (Fig. 5, lane 5) and might be due to immediate 
rebinding of the chaperones to the denatured AO. This 
is in agreement with the proposed model for the func- 
tioning of hsp60. which predicts that protein release is 
coupled to folding and depends on the regulation by a 
GroES homologue. The hydrolysis of ATP, in the ab- 
sence of GroES may lead to a partial release of the 
substrate after which rapid rebinding occurs [ 141. It may 
be speculated that the addition of a competitive sub- 
strate during elution will enhance recovery of the bound 
60 and 70 kDa proteins and will allow to functionally 
elute also other proteins, now found in the acetic acid 
and urea elutions. We do not yet know if binding of 
these proteins represents a biological function but it 
might be that these proteins bind to the column together 
with the identified proteins in multi-subunit complexes 
and have different requirements for dissociation. 
When increasing amounts of crude extract are loaded 
on the column a maximum in the urea elution, but a 
steady increase in the Mg-ATP elution was observed. 
This might be explained in two ways. Firstly, all the 
binding places on the column material are occupied 
when 4 mg of proteins are loaded on the column (Fig. 
2) and the affinity for denatured A0 of the proteins that 
can be eluted by Mg-ATP is higher than that of those 
that can only be eluted by urea. Binding of these pro- 
teins is thus at the expense of binding of the only urea 
elutable proteins. Secondly, the ratio of natural target 
proteins in the crude extract versus denatured A0 in- 
creases by addition of more concentrated crude extract, 
competing for the binding of putative chaperones. 
We have no clearcut explanation for the presence of 
malate dehydrogenase in the Mg-ATP elution, but it is 
possible that some, perhaps partially denatured proteins 
interact unspecifically with the immobilized denatured 
AO. 
The described method of A0 affinity chromatogra- 
1 2 3 
f34- g-, 
Fig. 4. Coomassie stained 7.5% SDS-PAA gel of Mg-ATP elutions 
from immobilized denatured A0 after binding of crude extracts of H 
polymorpha cells grown at 25°C (lane 2) and 43°C (lane 3) on metha- 
nol until the mid-exponential growth phase. Lane 1: markers (58 and 
84 kDa). 
1 2 3 4 5 6 7 
Fig. 5. 10% SDS-PAA gels of Mg-ATP and acetic acid elutions from 
immobilized denatured A0 and Western blots of corresponding frac- 
tions after binding of crude extracts (lane 1) of S. cerevisrae grown on 
olelc acid. Mg-ATP elutlons of immobilized denatured A0 where 
stained with Coomassie (lane 2) or after Western blotting decorated 
with antibodles against the N-terminal conserved part of hsp70 of S. 
cereaislue (lane 3) or mltochondrial hsp60 of Neurospora crussu (lane 
4). Acetlc acid elutlons of immobilized denatured A0 performed fol- 
lowing the Mg-ATP elution were stained with Coomassie [lane 5) or 
after Western blotting decorated with antibodles against the N-termi- 
nal conserved part of hsp70 of S cerevisiue (lane 6) or mitochondrial 
hsp60 of Neurosporu crassa (lane 7). 
phy will be useful as an efficient screening procedure to 
identify the chaperone components of different cellular 
fractions and organelles. 
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